Human cytomegalovirus (HCMV) exploits a range of strategies to evade and modulate the immune response. Its capacity to downregulate MHC I expression was anticipated to render infected cells vulnerable to natural killer (NK) attack. Kinetic analysis revealed that during productive infection, HCMV strain AD169 first enhanced and then inhibited lysis of primary skin fibroblasts by a CD94͞NKG2A ؉ NKG2D ؉ ILT2 ؉ NK line. The inhibition of cytotoxicity against strain AD169-infected fibroblasts was abolished by prior treatment of targets or effectors with anti-MHC I and anti-CD94 monoclonal antibodies, respectively, implying a CD94͞HLA-Edependent mechanism. An HCMV strain AD169, UL40 deletion mutant could not inhibit CD94͞NKG2A ؉ NK killing against skin fibroblasts. The contribution of UL40 to evasion of primary NK cells then was tested in a system where targets and effectors were MHC-matched. Primary NK cells activated with IFN␣ as well as cultured primary NK cell lines showed increased killing against ⌬UL40-infected fibroblasts compared with AD169-infected targets. This effect was abrogated by depletion of CD94 ؉ cells. These findings demonstrate that HCMV encodes a mechanism of evasion specifically targeted against a proportion of CD94 ؉ NK cells and show that this system functions during a productive infection.
H
uman cytomegalovirus (HCMV) is the prototypical ␤-herpesvirus and an important pathogen, being the major viral cause of congenital malformation and associated with severe morbidity in immunocompromised individuals. Primary infection is followed by lifelong persistence. The cellular immune response is crucial in controlling infection and providing resistance to disease (1) . HCMV encodes an impressive arsenal of genes that act to counter MHC I-restricted cytotoxic T lymphocyte recognition by down-regulation of MHC I at various stages of the replicative cycle (reviewed in ref. 2) .
Although down-regulation of MHC I expression is associated with protection against antigen-specific cytotoxic T lymphocytes, it also may enhance natural killer (NK) recognition of HCMVinfected cells. The importance of NK cells for control of CMV has been shown in vivo: in mice, an NK resistance locus, cmv1, has been identified (3) and mapped to the gene for Ly-49H, an NK-activating receptor (4, 5) ; in humans, an absence of NK cells increases susceptibility to several herpesvirus infections including HCMV (6) . A number of human NK-activating and -inhibitory receptors have now been identified (reviewed in refs. [7] [8] [9] . Members of the killer inhibitory receptor (KIR) family and the leukocyte Ig-like receptors (LIR-1͞ILT-2 and LIR-2͞ILT-4) bind HLA class I molecules. The HCMV MHC I homolog gpUL18 exhibits high affinity for LIR-1͞ILT-2 (10, 11); however, the function of gpUL18 during virus infection is yet to be resolved. A surface C-type lectin receptor CD94͞NKG2A͞B also has been shown to interact specifically with the nonclassical MHC I molecule, HLA-E, to deliver an inhibitory signal to NK cells (12) (13) (14) . HLA-E exhibits limited polymorphism and binds a restricted set of peptides derived from the leader sequence of classical MHC I molecules and HLA-G (15) (16) (17) . Class I leader peptides are loaded onto HLA-E by a transporter associated with antigen processing (TAP)-dependent pathway (16, 18) . Consequently, conventional HLA-E surface expression is blocked by HCMV gpUS6, an inhibitor of TAP function (19, 20) . However, an HLA-E-binding peptide is contained within the leader sequence of HCMV gpUL40. We recently demonstrated that adenoviral expression of UL40 in cell lines induced TAPindependent up-regulation of HLA-E cell-surface expression (21) and elicited protection against lysis by NK cells (21, 22) . Recent data has suggested that this effect may be enhanced by IFN␥ (23) , but no studies to date have investigated UL40 in the context of an active HCMV infection.
In vitro cytotoxicity assays have reported variously both inhibition and enhancement of NK killing of HCMV-infected cells (24) (25) (26) (27) (28) . In this study, data are presented demonstrating that productive HCMV infection can induce protection to NK attack. In particular, the role of UL40 in specifically eliciting protection against CD94͞NKG2A ϩ NK cells was examined systematically during productive virus infection.
Materials and Methods
Cell Lines. The NK cell line, DEL, was derived from a patient suffering a lymphoid dysplasia associated with a peripheral demyelinating neuropathy. To generate the DEL cell line, patient peripheral blood mononuclear cell (PBMCs) were cultured in RPMI medium 1640 supplemented with L-glutamine, penicillin͞streptomycin (GIBCO͞BRL), 10% heat-inactivated human AB serum (RPMI-AB), and 1,000 units͞ml recombinant IL-2 (Proleukin, Chiron). The derivative line, DEL, expressed CD94 and CD57 (Fig. 1A) and bound HLA-E tetramer (Fig. 1B) , and its surface phenotype was NKG2A (Fig. 1B) . Reverse transcription-PCR also showed mRNA for DAP12, NKG2A, -D, -F, and -G but not NKG2C or -E (data not shown). The NK cell line, NKL, was maintained as described (29) . The primary NK cell lines (SW-, DD-, and BM-NK) were generated by culturing in RPMI-AB and 1,000 units͞ml recombinant IL-2 after depletion of adherent cells and T cells using the mAb OKT3 (American Type Culture Collection) and Dynabeads (Dynal, Bromborough, U.K.) per manufacturer instructions. Primary NK cell lines were regularly given feeders consisting of irradiated, allogeneic PBMCs and immortalized B lymphoblastoid cell lines. Primary skin fibroblast lines DD-SF, SW-SF, and BM-SF were generated from skin biopsies as described in ref. 30 . All fibroblast lines were maintained in DMEM͞10% FCS; immortalized B lymphoblastoid cell lines (EW-BCL and SM-BCL) were maintained in RPMI medium 1640͞10% FCS. Viruses. An HCMV strain AD169 UL40 deletion mutant (⌬UL40) was generated by insertion of the enhanced green fluorescent protein (EGFP) gene ( Fig. 2A) . The UL40 promoter (nucleotides 54,329-53,879, terminating one nucleotide upstream of the translational start site) was amplified by PCR and fused to the EGFP ORF in pEGFP-N1 (CLONTECH). A second PCR-generated fragment encompassing 191 bp from the 3Ј end of UL40 extending through the polyadenylation signal sequence (nucleotides 53,403-52,744) then was fused to the UL40 promoter͞EGFP cassette in plasmid pAL320. Nucleotide designations refer to the HCMV strain AD169 genome sequence (GenBank accession no. X17403). pAL320 linearized by restriction endonuclease digestion was cotransfected with purified HCMV genomic DNA into human fibroblasts by using Effectene (Qiagen, Chatsworth, CA). Recombinant viruses were identified by using a fluorescence microscope (Leica DMIRBE) and plaque-purified. ⌬UL40 was characterized by PCR with primers specific for the deleted element and flanking the expression cassette DNA (Fig. 2B) . The PCR primers were: set 1, 5Ј-CACTCGTATCGGCTTCAC-3Ј and 5Ј-CGAAAGTGGTCC-TGACAG-3Ј; set 2, 5Ј-AAGCATCATCGGGGTAACGGG-3Ј and 5Ј-GATCTAGACGTCGTCTTGAAACACCG-3Ј; and set C, 5Ј-GACTCGAGAGTTTCTCTTCCGCGTCT-3Ј and 5Ј-CGGGATCCTGATTGTTTGGCTGCTGA-3Ј.
NK Cytotoxicity Assays. Cytotoxicity was measured in a 51
Crrelease assays carried out as described (12) with some minor changes. Primary NK lines were depleted of CD3 ϩ T cells 48 h before use, resulting in Ͼ90% CD3 Ϫ , CD56 ϩ cultures. All assays were carried out in RPMI medium 1640 supplemented with 2% human AB serum. For antibody-blocking studies, effectors and targets were incubated before the assay with mAbs DX22 and DX17 (10 g͞ml final concentration), respectively, for 15 min at 37°C. Between 10 3 (in primary NK assays to accommodate large effector͞target ratios) and 2.5 ϫ 10 3 (DEL NK assays) targets were used per well. The final means and standard deviations were determined from triplicate or quadruplicate cultures. Primary NK assays were carried out as described in ref. 24 . In brief, PBMCs were cultured overnight in the presence or absence of 500 units͞ml IFN␣ (Roferon, Hoffman-La Roche) in RPMI-AB. Before the assay, CD94 ϩ cells were stained with anti-CD94-PE mAb and depleted with Dynabeads. Assays were carried out over 4 h on fibroblasts infected for 72 h with the indicated HCMV strains͞mutants (MOI ϭ 10).
Results

HCMV Infection
Inhibits CD94͞NKG2A ؉ NK Killing. To examine the effect of HCMV infection on CD94͞NKG2A ϩ NK-cell killing, a CD94͞NKG2A ϩ NK cell line, DEL, was derived that exhibited classical NK cell-mediated cytotoxicity by killing K562 cells (data not shown). Fig. 1 summarizes the surface phenotype of this line, showing high expression of CD94, NKG2A, and CD56, lower levels of ILT-2͞LIR-1 and CD16, and no expression of KIRs. Efficient HCMV replication in vitro is restricted almost exclusively to primary human fibroblasts. DD-SF and LB-SF skin fibroblasts express significant levels of classical MHC I yet remained susceptible to NK DEL attack (Fig. 3A) . Infection of these fibroblasts with both HCMV strains AD169 and Toledo elicited efficient protection against DEL-mediated NK cytotoxicity (Fig. 3A) , but HCMV strain Toledo infections seemed to provide consistently more efficient protection against NK cellmediated lysis than infections with strain AD169 (Fig. 3A) . Importantly, this inhibition of killing also was observed against another well defined CD94͞NKG2A ϩ NK line, NKL (ref. 29 ; Table 1 ).
Resistance to NK Killing Is Associated with the Late Phase of Infection.
HCMV-encoded gene functions implicated in the evasion of MHC I-restricted cytotoxic T lymphocytes act at various stages of the replication cycle. The rate of infection can be influenced also by the amount of input virus, measured by the MOI. HCMV inhibition of NK DEL cells therefore was characterized further by performing time-course and dose-response experiments. HCMV infection induced a small but significant increase in sensitivity to NK DEL-mediated cytolysis at 36 h pi (Fig. 3B) . However, HCMV-induced inhibition of NK cell killing was observed consistently after 60 h of infection. Resistance to NK cell attack was maintained to 108 h pi and thus is not a transient effect. Efficient protection against NK attack was observed at an MOI of 5 plaque-forming units per cell; however, the kinetics and magnitude of protection were not affected substantially by increasing the input MOI up to 40 plaque-forming units per cell (Fig. 3B ).
Antibody Blocking of the CD94͞HLA-E Interaction Abrogates HCMVInduced NK Inhibition. Antibody-blocking experiments demonstrated that inhibition of DEL killing by HCMV strain AD169 was reversed efficiently in both DD-SF and LB-SF fibroblasts by treatment of either the effectors with anti-CD94 or the targets with anti-MHC I antibodies (Fig. 4) . Nonspecific mouse Ig had no effect on the observed inhibition of NK DEL (data not shown). HCMV strain AD169 evasion of NK DEL cell killing thus is likely to depend on an interaction between CD94͞NKG2A NK receptors and MHC I expressed on infected cells. Considering expression of all classical HLA class I are down-regulated within 24 h of HCMV infection, whereas the nonclassical HLA-E is up-regulated (21, 31) , it is likely that HLA-E is the target MHC I for this inhibition. This upregulation of HLA-E would be consistent with an UL40-dependent mechanism, because UL40 has been shown to induce HLA-E cell-surface expression (21) .
A Role for UL40 in HCMV-Induced Protection. The potential role of UL40 expression in mediating the observed resistance to CD94͞NKG2A ϩ NK cytolysis during productive HCMV infection was examined. To test directly whether UL40 expression is required during productive infection to evade CD94͞NKG2A ϩ NK killing, an HCMV UL40 deletion mutant (⌬UL40) was generated as described in the Fig. 2 legend. ⌬UL40 is based on HCMV strain AD169 but contains EGFP under the control of the UL40 promoter while simultaneously deleting the first 475 bp of the UL40 ORF. The 37-aa signal sequence encoding the HLA-E-binding peptide thereby was deleted while preserving an uncharacterized overlapping ORF (UL39) transcribed off the opposite strand. The nature and purity of ⌬UL40 was confirmed by Southern blot (data not shown) and PCR (Fig. 2B) analyses. ⌬UL40 replicated as efficiently as the parent virus and with similar growth kinetics (Fig. 2C) ; thus UL40 was dispensable for in vitro virus replication, and any effects of ⌬UL40 on NK killing could not be caused by differences in the progression of infection.
When the ⌬UL40 virus was used to infect fibroblasts, the virus lost the capacity to induce protection against killing by NK DEL cells (Fig. 5A) . The anti-CD94 and anti-MHC I blocking antibodies also had no significant effect on lysis of ⌬UL40-infected cells (Fig. 4) . The physiological significance of this effect then was tested by assays on primary NK cells. PBMCs exhibit little showing the absence of a PCR product with the ⌬UL40 template with primer set 1, consistent with a UL40 deletion. With primer set 2, the increased mobility of the DNA fragment generated by using the HCMV⌬UL40 DNA, relative to the parental virus, corresponds to an appropriate EGFP insertion. Primer set C is a positive control amplifying a remote region of the genome within the ␤2.7 gene. (C) Growth curves showing no difference between parent strain, AD169, and ⌬UL40. Human fetal foreskin fibroblasts were infected with either strain AD169 or ⌬UL40 [multiplicity of infection (MOI) ϭ 0.1] for 90 min at 37°C. At 3, 6, 9,12, and 15 days postinfection (pi), the tissue culture supernatant was harvested. The virus titer at each time point then was determined by a plaque assay on human fetal foreskin fibroblasts. The experiment was repeated with duplicate samples. pfu, plaque-forming units.
NK activity in the absence of stimulation. Therefore, PBMCs first were stimulated with IFN␣ to induce cytotoxicity (24) . IFN␣-activated PBMCs exhibited greater cytotoxicity against ⌬UL40-infected (compared with strain AD169-infected) autologous fibroblasts (Fig. 5B) . To identify the effector population involved in this increased killing, depletions were carried out immediately before performing the assay. Increased cytotoxicity against ⌬UL40-infected targets was abrogated by depletion of cells expressing CD94 (Fig. 5B) . These experiments were carried out in three different healthy subjects (SW, DD, and BM), and a summary of the results is shown in Table 1 . In some subjects, there was significant killing of ⌬UL40-infected fibroblasts (Table 1) and K562 targets (data not shown) even after CD94 depletion, which likely was caused by residual CD94 † AD169-infected fibroblasts were treated with the indicated mAbs. ‡ DD expt 1 was carried out by using CD3-depleted PBMCs, resulting in a lower effector͞target ratio. §, P Ͻ 0.05 (AD169 vs. ⌬UL40) and ¶, P Ͻ 0.05 (undepleted vs. CD94-depleted) using t test assuming unequal variance. Primary NK Cell Lines and Inhibition by UL40. Primary NK lines also were generated and used in NK cytotoxicity assays against autologous, AD169-infected or ⌬UL40-infected fibroblasts. A significant increase in killing was observed against ⌬UL40-infected targets compared with AD169-infected fibroblasts from SW-NK1 (Fig. 5C ) and five other NK lines (Table 1) . Anti-CD94 and anti-MHC I mAbs reversed the AD169-induced inhibition of NK line killing by Ͼ50% in 8 of 12 cases (3͞6 for anti-CD94 and 5͞6 for anti-MHC I; Fig. 5C ; Table 1 ). All lines showed Ͼ35% killing of K562 targets (data not shown).
Discussion
In recent years, a broad range of NK-inhibitory and -activating receptors has been identified, and a number of HCMV genes have been shown to encode proteins with the potential of interacting with these receptors or their ligands to induce NK inhibition. However, the physiological action of these molecules during a productive HCMV infection has been hard to prove. We have shown, using an HCMV strain AD169 deletion mutant, that the UL40 gene can act during a productive HCMV infection, which occurs against certain defined CD94 ϩ NK cell lines as well as primary CD94 ϩ NK cells. Using the NK line, DEL, we defined the kinetics of HCMV strain AD169-induced NK inhibition. HCMV-induced inhibition of NK DEL cell killing was associated with the late phase of virus infection, being reproducibly observed from 60 h pi. In contrast, HCMV strain AD169 infection stimulated DEL-mediated killing at 36 h pi; down-regulation of cell surface MHC I expression occurs from 24 h pi and may increase sensitivity to NK cell attack. Because UL40 transcription can be detected as early as 8 h pi (21) , this early-phase window of enhanced susceptibility to CD94͞NKG2A ϩ NK cells was unexpected. It is possible that gpUL40 translation is delayed or a threshold level of expression must be reached to induce overt protection. Alternatively, because NK killing is controlled by a balance between activating and inhibitory signals, inhibition induced by UL40 may not be the dominant effect at 24-48 h pi. The delayed kinetics of the response may partly explain some apparently conflicting results in the literature. Studies reporting that HCMV infection enhances susceptibility to NK attack that were performed during the early phase of infection (24-48 h pi; refs. 24 and 25) and those reporting induction of protection at later time points (4-8 days pi; refs. 26 and 27) therefore are consistent with our observations.
DEL is an NK cell line developed for this study that exhibits a clonal phenotype after culture with IL-2 ( Fig. 1 A) and is characteristic of the CD56 bright , CD16 mid NK subset [positive for CD25 (IL2Rp55), CD57, CD69, MHC class II, CD45RO, and CD71 and negative for CD3, CD4, CD5, and CD8 (data not shown)]. This line ignores the presence of MHC I on the surface of primary skin fibroblasts and lyses them. However, NK inhibition by HCMV infection is still strong enough to inhibit this aggressive killing. DEL may be particularly sensitive to UL40-mediated evasion of NK cytolysis, because it expresses a high level of the CD94͞NKG2A NK receptor compared with NK lines derived from normal individuals (data not shown), which is reflected by the high levels of binding to HLA-E-tetrameric complexes (Fig. 1B) . However, similar UL40-mediated protection of HCMV-infected fibroblasts has also been observed with another CD94͞NKG2A ϩ NK line, NKL (Table 1) . Furthermore, our assays using activated primary NK cells and cultured NK cell lines suggest that UL40 is a major gene responsible for inhibition of at least a proportion of NK cells expressing CD94͞NKG2A ( Fig. 5 ; Table 1 ). The primary NK lines also highlight the variable nature of the NK responses with differences in antibody blocking and the killing of lines, between individuals as well as within the same subject ( Table 1 ). The data imply that without NK-inhibitory genes HCMV infection indeed does induce increased sensitivity to NK cells, resulting in killing of even MHC-matched autologous fibroblast targets. It is likely also that a number of HCMV-encoded NK-inhibitory mechanisms exist that are directed at NK cells of different phenotype and specificity.
The sensitivity of DEL to the UL40 mechanism of NK inhibition and its resistance to classical MHC I-induced inhibition also may be caused by the presence or absence of other activating or inhibitory receptors. DEL expressed only low levels of the inhibitory receptor, ILT-2͞LIR-1, and no detectable expression of a range of characterized KIRs (KIR2DL1, KIR2DL2͞3, KIR3DL1, and KIR3DL2; Fig. 1B) . HCMV gpUL18 has high affinity for ILT-2͞LIR-1 (10, 11) and potentially could induce NK inhibition. Reverse transcription-PCR carried out to phenotype the expression of other NKG2 receptor family members revealed relatively high levels of mRNAs for NKG2A and NKG2D, a lower level for NKG2F, NKG2H, and DAP12, but no NKG2C and E mRNAs (data not shown). An inhibitory role for soluble HCMV gpUL16 has been suggested, because it binds MIC B and ULBPs (32, 33) and therefore could block binding between MIC B and its activating receptor NKG2D͞DAP10 (34) . Both the UL18 and UL16 genes are present in HCMV strain AD169 and ⌬UL40; however, neither of these potentially inhibitory HCMV genes were dominant over UL40 in our assays. UL16 and UL18 may well further influence the interactions between HCMV and NK cells, but more study with multiple UL16, UL18, and UL40 mutant viruses would be needed to clarify these interactions. The expression of other, activating, natural cytotoxicity receptors (NCRs) such as NKp30 (35) , NKp44 (36) , and NKp46 (37) were not investigated in this study but may have a further impact on the cytotoxic behavior of NK cells (7, 38) .
From these results, it is obvious that the interaction between HCMV-infected cells and NK cells is complex and is influenced by the phase of infection, the nature of activating and inhibitory receptors expressed by NK cells, the influence of soluble factors, and the virus isolate. Reports have implied that attenuated HCMV laboratory strains are more vulnerable to NK attack than less-adapted viruses or clinical isolates (27, 39) . In our hands, HCMV strain Toledo behaves similarly to fresh clinical isolates in being more resistant to DEL-and NKL-mediated cytolysis. Furthermore, HCMV strain Toledo and the clinical strain 742 induced protection against DEL-mediated cytolysis that could only be recovered partially by blocking antibodies to CD94 and MHC I (data not shown). The genome of the Toledo strain resembles more closely a clinical isolate, containing an additional 13-15 kb of sequence spontaneously lost by the laboratory strains AD169 and Towne (40) . This deleted element is already known to encode two chemokines and a tumor necrosis factor receptor homologue (41, 42) . Interestingly, both strains AD169 and Towne have been used as live vaccines and are associated with reduced pathogenicity in vivo. In conclusion, we propose that UL40-mediated up-regulation of HLA-E operates to provide efficient protection against at least a proportion of CD94͞NKG2A ϩ NK cells during HCMV infection. Future work may reveal additional CD94-dependent and independent mechanisms of NK evasion encoded by other HCMV strains and clinical isolates.
